Activated carbons have excellent performance in a number of process applications. In particular, they appear to have the most favourable characteristics for adsorption processes, thanks to their high porosity and large surface area. However, a comprehensive assessment of the environmental impacts of their manufacturing chain is still lacking. This study evaluates these impacts taking the specific case of activated carbon produced from coconut shells in Indonesia, which is the major coconut producer county. Coconut shells as raw materials are utilized for activated carbon production due to their abundant supply, high density and purity, and because they seem to have a clear environmental advantage over coal-based carbons, particularly in terms of acidification potential, non-renewable energy demand and carbon footprint. Life Cycle Assessment and process analysis are used to quantify all the environmental interactions over the stages of the life cycle of an activated carbon manufacturing chain, in terms of inputs of energy and natural resources and of outputs of emissions to the different environmental compartments. Estimates for the environmental burdens over the life cycle have been obtained by developing mass and energy balances for each of the process units in the production chain. The results indicate the operations with the greatest effects on the environmental performance of activated carbon production and hence where improvements are necessary. In particular, using electrical energy produced from renewable sources, such as biomass, would reduce the contributions to human toxicity (by up to 60%) and global warming (by up to 80%). Moreover, when the material is transported for processing in a country with a low-carbon electricity system, the potential human toxicity and global warming impacts can be reduced by as much as 90% and 60% respectively.
Introduction
Activated carbons are sometimes called a "material of the future", due to their excellent performance in a number of process applications including water purification (Sirichote et al., 2002) , coffee decaffeination (Marsh and Rodriguez-Reinoso, 2006) , decolourization (Li et al., 2015) , deodorization and aroma removal (Sahu et al., 2010) , treatment of drinking water (Jeswani et al., 2015; Subha and Namasivayam, 2009) , industrial flue gas cleaning and air conditioning (Bansal and Goyal, 2005) . They have particularly favourable characteristics for adsorption processes, thanks to their high porosity, large surface area, high surface reactivity and ease of compaction into a packed bed. But they are also characterized by cheap manufacture in large quantities, due to the widespread and reliable supply of the materials from which they are produced (Bansal and Goyal, 2005; Marsh and Rodriguez-Reinoso, 2006 ). However, a review of existing literature in the public domain (Ioannidou and Zabaniotou, 2007; Yahya et al., 2015) suggests that a comprehensive assessment of the environmental impacts of their production has not yet been reported.
It is known that activated carbons can be obtained using a number of different fossil or biogenic raw materials (Khah and Ansari, 2009) . It can be said that any inexpensive feedstock having a sufficiently high carbon content and low percentage of inorganics can be used as a raw material for AC production: palm shells (Lim et al., 2015) , coconut coir pith (Subha and Namasivayam, 2009) , olive waste (Hjaila et al., 2013) , rice husk (Liu et al., 2016; Wang et al., 2013) , coffee extract residues (Tehrani et al., 2015) and many other agricultural waste materials (Ioannidou and Zabaniotou, 2007; Yahya et al., 2015) . Agricultural by-products and other lignocellulosic materials are particularly promising feedstocks for sustainable AC production; their use can even reduce GHG emissions by avoiding releases of greenhouse gas when they rot or are burn (Ntuli and Hapazari, 2013) . In this framework, coconut shells as raw materials are often utilized for activated carbon production (Yahya et al., 2015) , due to their abundant supply (which improves the manufacturing economic viability), their high density and high purity. It has also been claimed, as mentioned above for lignocellulosic materials in general, that they have an environmental advantage over coal-based carbons (Marsh and Rodriguez-Reinoso, 2006; Ragan, 2010) , particularly in terms of emissions of greenhouse and acid gases.
Using LCA, this study aims to quantify all the interactions with the environment across all stages of the life cycle (i.e. the 'cradle-tograve' chain of production, use and disposal) of coconut based activated carbon, in terms of inputs of energy and natural resources and of outputs of wastes and emissions to the different environmental compartments (air, water and soil). We specifically consider production in Indonesia, one of the main exporters of activated carbon. The study has been carried out in accordance with the ISO 14040 series on LCA (ISO-14040, 2006; ISO-14044, 2006) . Estimates for the total environmental burdens over the life cycle have been obtained by developing mass and energy balances for each of the process units of adsorbent production.
Goal and scope definition
The study considers the production of activated carbons from waste coconut shells in Indonesia. Coconut shells could be regarded as the waste from a food crop but all the information from activated carbon producers indicates that nothing of the coconut is actually wasted: the flesh is used in food; the coconut milk and water are used in beverages and pharmaceuticals; and, if not used for activated carbon production, the coconut shell is commonly used as a fuel. As a consequence, here the coconut shells have been considered to be available as a raw material for activated carbon production, with no direct or avoided associated burdens. A possible different (conservative) assumption is that coconut shell utilization could imply the environmental burdens associated with its missed utilization as a fuel for electrical energy production. This alternative basis is assessed in the final stage of the study, to assess how sensitive the results are to the initial assumptions.
The aim of the analysis is to redress the lack of information about the environmental performance of an activated carbon manufacturing chain that utilizes coconut shells as raw material. The goal of the study was thus to quantify the potential environmental impacts of producing activated carbon from coconut shells in Indonesia where a large quantity (66,200 tonne per annum) of low cost activated carbon is produced (Chemviron, 2015) . The functional unit (i.e., the quantified performance of the product system for use as a reference to which the input and output data are normalized) coincides with the service provided by the system, i.e. the production of 1 tonne of activated carbon. In the base case scenario, the activated carbon is manufactured entirely in Indonesia, the principal coconut worldwide producer. The shells are carbonized in situ, i.e. in the locality where the coconut is grown: the char is then transferred to the activation process, usually collocated or adjacent so that emissions from handling (mainly dust) and transportation (fuel consumption and carbon dioxide emissions) are negligible in comparison to emissions from the main process. Carbonization and activation are assumed to be performed in a modern facility equipped with gas emission control. As in other LCAs of agricultural products (Alade et al., 2012; Hjaila et al., 2013) , the boundaries of this study were from "cradle to gate", i.e. they include processes and transportations from raw material acquisition to the delivery of the product, in this case to California (USA): use and final disposal of the AC have not been taken into account, due to the myriad of possible applications of activated carbons. The system boundaries are schematically shown in Fig. 1 , in terms of foreground and background systems (Clift et al., 2000) .
The quality of data of the life cycle inventory (LCI) table utilized for the foreground system and most of the background system is high, since most of the data derive from scientific literature (Fagbemi et al., 2001 ) and AC commercial companies (Ragan, 2010) . These data were processed by means of mass and energy balances, while the remaining burdens were obtained from the life cycle inventory databank Ecoinvent 3.0. The LCA was carried out using GaBi 6.0 software.
The AC manufacturing chain system was analyzed by using an attributional approach (Brander et al., 2009; Finnveden et al., 2009; Thomassen et al., 2008; Tillman, 2000) , and the life cycle environmental impacts were assessed using the CML-2001 methodology developed at the University of Leiden (Guin ee et al., 2002) . The following midpoint impact categories were taken into account: Abiotic potential, Acidification potential, Eutrophication potential, Freshwater Aquatic Ecotoxicity potential, Global Warming potential, Human Toxicity potential, Ozone Layer Depletion potential, Photochemical Ozone Creation potential, Terrestrial Ecotoxicity potential. In accordance with the ISO standard 14044 (2006), a normalization process has been used to identify the most significant impact categories for the system under analysis. 
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The modelling of emissions, material and energy consumptions of each process unit of the AC manufacturing chain has been developed on the basis of data and information obtained from industrial producers (Chemviron, 2014) and scientific literature (Fagbemi et al., 2001 ). The production of 1 tonne of activated carbon (functional unit of the study) needs about 6.70 tonnes of coconut shells. The assumed composition of coconut shell (Table 1) was that reported by Woodroof (Woodroof, 1979) , which is in close agreement with the elemental composition utilized by Fagbemi et al. (2001) .
The assumed configuration of the reference production chain is shown in Fig. 2 , which includes the two principal processing steps: carbonization and subsequent physical activation using steam. Coconut shells are crushed and then dried, so that almost all the moisture is extracted from the biomass and the resulting dried material is sent to the carbonization unit. The electric energy consumption of the crusher, together with that of the activated carbon tumbling machine and crusher, has been estimated to be 2160 MJ per tonne of activated carbon produced (Chemviron, 2014) .
The carbonization process consists of heating in the absence of air, typically in a stream of nitrogen, at temperatures lower than 700 C (Cagnon et al., 2003) : most of the non-carbonaceous material, together with the more reactive carbon of the structure, is volatilized through this pyrolysis process, giving rise to a highly porous structure, even though the char produced in this unit does not have a high adsorption capacity yet (Ioannidou and Zabaniotou, 2007) . Literature information (Fagbemi et al., 2001; Yahya et al., 2015) together with that provided by AC producers suggests that the pyrolysis process is carried out at a temperature of 500 C to maximize the char yield. The process produces solid, condensed and gaseous compounds. The partition coefficients have been obtained from a specific mass balance developed on experimental data given by Fagbemi et al. (2001) for pyrolysis of coconut shells at 500 C. The resulting compositions of the output streams of distillate products (essentially oils and tars) and carbonized material are reported in Table 2 .
The distillate products can be released into atmosphere or utilized in the activation unit or burned to provide energy for the drier unit: the latter process has been assumed in the base case scenario. It is important to note that the emissions from the furnace of distillate products have been conservatively assumed to be at the top of the allowable range in the related BAT (Best Available Techniques) Reference Document of the European Community (EC-IPPC, 2006). The char product fraction (i.e. the devolatilized coconut shells), together with some gas and water, is sent to the activation unit.
The activation step occurs at temperatures between 750 and 950 C: all impurities adsorbed on the char are eliminated and an increase in pore size and volume is obtained, with simultaneous oxidation of the outer surface leading to formation of the active sites (Rodriguez-Reinoso and Molina-Sabio, 1992). The physical and chemical properties of the AC can be affected by the type and intensity of activation: in this LCA study it has been assumed that the AC production utilizes thermal activation at 900 C with the steam coming from a boiler, as reported by industrial producers and literature (Cagnon et al., 2003) . Other activating agents and operating conditions could also be considered (Marsh and RodriguezReinoso, 2006; Yahya et al., 2015) . Mass and energy balances over the activation unit were carried out by specifying the amount and composition (Table 3 ) of the activated carbon output.
Given the aims of this study, and on the basis of data provided by industrial producers, it is reasonable to assume that the only reaction occurring in this unit is the wateregas reaction: C (char) þ H 2 O 4 H 2 þ CO. This leads to an estimated carbon conversion of 40%, which is very close to that generally indicated by activated carbon producers. The composition of the off-gases is reported in Table 3 .
Most of these off-gases are fuel gases and they can be used to provide the heat necessary for the process. In modern activated carbon production plants, the off-gases are burned with air (typically with an excess of about 30% above that necessary for stoichiometric combustion) in a furnace, which is in turn connected to the boiler that generates the steam for the activation unit. Complete combustion of the fuel gases in the furnace has been assumed; the composition of the resulting flue gases has been evaluated ( Table 3) .
The set of all the results obtained from energy and mass balances have been used to estimate the environmental burdens listed in Table 4 , which have been converted to impacts using the software package GaBi 6.0 and the related databank Ecoinvent 3.0. Table 4 also reports the burdens related to the alternative scenarios taken into account in the sensitivity analysis, and described in detail in Section 4.2.
Life cycle impact assessment and interpretation
Base case
The details of the positive or negative contributions from all the stages of the manufacturing chain have been identified and quantified, in terms of truly global or more localized impact categories. These results are reported in normalized form in Fig. 3 and subsequent figures, in terms of person equivalent units, where one person equivalent represents the average impact in the specific category caused by a person during one year in the world (Sleeswijk et al., 2008) .
Global Warming potential turns out to be one of the most significant global impacts, while Human Toxicity and Acidification are the most important localized impact categories. The overall environmental performance of the manufacturing process is dominated by the stages of crushing and tumbling (where the coconut, or the activated carbon product, are crushed to obtain powdered or granulated material) and that of heat recovery and steam generation (where the steam necessary for the activation unit is generated). Their huge contribution to the overall impact is mostly related to the high consumptions of electrical energy, which in the Indonesian energy mix is largely produced from hard coal. This explains the strong impact on the midpoint categories of Human Toxicity, Acidification and Global Warming. The role of overseas transport appears negligible.
Sensitivity analysis: alternative scenarios
A sensitivity analysis has been carried out by exploring two system changes: by analyzing the effect of variation of selected parameters and by defining some scenarios, alternative to that assumed as base case (Clavreul et al., 2012) . For the first analysis considering the key role of the energy mix, variation of ±10% was considered in the overall electrical energy consumptions related to coconut shells crusher and activated carbons crusher/tumbling, which are assumed then equal to 2376 MJ and 1944 MJ, respectively. Another parameter is the overall conversion efficiency of coconut shells to activated carbon, i.e. the amount of feedstock required to produce 1 tonne of AC; variation of ±10% in this figure changes the required mass of coconut shells to 7.37 tonnes and 6.03 tonnes, respectively. Fig. 4 and Fig. 5 report the related results, which show in both cases limited, and almost linear, variations. With reference to the alternative scenarios, Table 4 reports the related environmental burdens, while Table 5 lists the numerical value of normalized results for the predominant impact categories.
In particular, Scenario 1 retains all the assumptions and evaluations of the base case but assumes that the 6.7 tonnes of coconut shells necessary for the production of 1 tonne of AC could be alternatively used as biomass fuel. On the basis of the composition Fig. 2 . Quantified mass flow Sankey diagram of the activated carbon production system under analysis. All the data are expressed as tonnes.
Table 2
Composition of output streams from pyrolysis process at 500 C (based on elemental compositions reported by Fagbemi et al. (2001) reported in Table 1 , and by using the relationships of Sheng and Azevedo (2005) to estimate lower heating values, the fuel energy of 6.7 tonnes of coconut shells has been estimated as 110,000 MJ. In Indonesia this biofuel could be used for heating/ cooking applications or for electrical energy production. The latter option has been considered in Scenario 1: it has been assumed that coconut shells are burned in a power station of small-medium size, having an overall net efficiency of electrical energy conversion equal to 16%. This means that the utilization of 6.7 tonnes of coconut shells to produce 1 tonne of AC equates to the missed production of 17,700 MJ of electrical energy from biomass. Then, the environmental burdens associated with the production of this electrical energy (17,700 MJ þ 2160 MJ ¼ 19,860 MJ) from the primary energy mix of Indonesia (dominated by hard coal) have been added, while those associated with the production of the same amount of electricity (17,700 MJ) by biomass sources in Indonesia have been subtracted, as reported in Table 4 . The normalized results reported in Fig. 6 indicate that the overall GWP impact associated with the AC production is increased about seven-fold in this scenario, due to the strong contribution of hard coal combustion. On the other hand, the conclusions reported above about the predominant impact categories (Human toxicity, Resource savings of AC production process Electric energy (Indonesian biomass source) (MJ) 0 17,700 0 0 0
Notes. Scenario 1 considers coconut shells as a possible fuel for electrical energy production in Indonesia. Scenario 2 assumes that distillate products from carbonization unit are released into the atmosphere. Scenario 3 assumes that coconut shells are sent to New Zealand where the AC factory is located. Scenario 4 considers coconut shells as feedstock for AC production (located in Indonesia) and biofuel for internal consumption of electric energy. Acidification potential, GWP) and the key role of electric consumptions are both substantially confirmed, not dependent on the initial assumption related to the burdens associated with the coconut shells utilized as raw material. For this scenario, the primary energy demand from non-renewable resources is the highest (8.09Eþ04 MJ vs 1.04Eþ04 MJ in the base case).
In the alternative Scenario 2, the distillate products obtained from the carbonization unit are not utilized for generation of the energy necessary for the drier but are released into the atmosphere, as occurs in some small-scale or old carbonization facilities. The environmental burdens for this scenario are listed in Table 4 . The overall environmental performance of the process is poor and Fig. 4 . Comparison of normalized results of the most significant impact categories related to electric energy production for crusher&tumbling unit. A variation of ±10% of the consumption assumed for the base case has been taken into account. Fig. 5 . Comparison of normalized results of the most significant impact categories. A variation of ±10% of the total amount of coconut shells required to produce one tonne of AC in the base case has been taken into account. dominated by steam generation and inefficient heat recovery. Fig. 7 shows the related normalized results in terms of impact categories and highlights that Freshwater Aquatic and Terrestrial Ecotoxicity potential are now the most significant local impacts, mainly resulting from the high emission of tars, which are treated for purposes of impact assessment as naphthalene (Devi et al., 2005) .
Comparison between Scenario 2 and the base case highlights the importance of good environmental management at the production site and the benefits resulting from integrated management of gases from the carbonization step. Scenario 3 explores the possibility of avoiding the Indonesian energy mix by locating the AC production in a country, sufficiently close to Indonesia, but with an energy mix dominated by renewable sources: it is assumed that the coconut shells are sent from Indonesia to New Zealand for processing, with the final product transported to California for its final utilization. As expected, and shown clearly by the results in Fig. 8 and Table 5 , there is an increased impact related to international transportations, but this is largely compensated by the improvement in performance related to the more sustainable national energy mix. On the other hand, the economic costs of the whole AC production increase greatly. This scenario shows the lowest impacts for Human Toxicity Potential (0.93E-11 vs 12E-11 in the base case scenario) and Freshwater Aquatic Toxicity Potential and has impacts very close to the lowest for all the other categories, highlighting the relative significance of locating production in countries where electrical energy is produced from low-carbon sources with clean generation. Fig. 8 . Normalized results of life cycle impact assessment for the activated carbon production in alternative Scenario 3, where the raw material is processed in New Zealand. Fig. 9 . Normalized results of life cycle impact assessment for the activated carbon production in alternative Scenario 4, with coconut shells utilized both as feedstock for AC production and as biofuel for electrical energy production for crusher&tumbling unit.
Scenario 4 investigates an alternative approach to reduce the impacts arising from the dominant utilization of hard coal in the Indonesian national energy mix: it assumes that production, located in Indonesia, utilizes coconut shells not only as feedstock for AC production but also as biofuel for the production of the electrical energy necessary for the process, mainly in the crushing & tumbling unit. For this scenario, most of the assumptions coincide with those for the alternative Scenario 1: the biofuel is burned in a power station of small-medium size with overall net efficiency of energy conversion equal to 16%. Based on LHV estimated using the Sheng and Azevedo (2005) relationship, 19,000 tonnes/year of coconut shells are needed. The results, shown in Fig. 9 and Table 5, indicate that this scenario has one of the best environmental performances, similar to Scenario 3 but without the negative considerations of larger economic costs. In particular, the reduction of the GWP is as much as 80%, higher than 60% obtained in the previous scenario, due to the absence of burdens related to transportation. This suggests how much the sustainability of AC production could be improved by using electrical energy from renewable sources, such as biomass.
The comparison of all the results is reported in Fig. 10 , with reference to the predominant impact categories: the worst environmental performances refer to Scenario 1 (which considers the coconut shells as a possible biofuel for electric energy production in Indonesia) and, above all, Scenario 2 (which assumes that all the distillate products generated by the carbonization unit are released into the atmosphere). Finally, Fig. 11 reports just the results for the base case scenario and the two best alternative scenarios 3 and 4, which both showed overall better environmental performance.
Conclusions
The environmental impacts of producing activated carbon from coconut shells in Indonesia have been evaluated by means of an attributional LCA study. The study has the scope to redress the lack of information about the environmental performance of an activated carbon production chain that utilizes coconut shells as raw material. Fig. 10 . Comparison between the base case and all the alternative scenarios, with reference to the predominant impact categories. Fig. 11 . Comparison between the base case and the two best scenarios, in terms of the most significant categories.
The results identified the impact categories of Global Warming Potential, Human Toxicity Potential and Acidification Potential, as those that play a key role in the overall environmental performance of the production chain. The analysis of alternative scenarios suggests that the sustainability of activated carbon production in Indonesia could be improved greatly, reducing the contribution to global warming and local human toxicity, by reducing the electrical energy consumptions in the process units of crushing & tumbling, but also by using electrical energy from renewable sources, such as biomass. This would help to reduce the local contribution to human toxicity (by 60%) and the global warming (by 80%).
If the gases produced by the carbonization reaction are released as wastes rather than used as fuels within the process, there are significant environmental impacts in terms of freshwater aquatic and terrestrial ecotoxicity. This shows the importance of good environmental management of the production site with an efficient integrated process.
International transportation appears of rather limited environmental significance. On the contrary, the results highlight the potential environmental benefits of moving activated carbon processing to countries where electrical energy is produced from low-carbon sources and by means of clean conversion processes: the human toxicity potential can be reduced by up to 90%, and the global warming by up to 60%.
